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Abstract: With the aim of further standardizing biomonitoring techniques with aquatic mosses, the
relationship between the velocity of water flow and cadmium (Cd) accumulation in transplants of
the moss Fontinalis antipyretica was investigated. For this purpose, moss transplants were exposed
in a controlled aquatic environment to different concentrations of Cd (0, 4, 16 and 36 ng g−1) and
different water velocities (10, 30, 50, 70 and 90 cm s−1). The Cd concentrations in the moss transplants
mainly depended on the Cd concentration in the water, but a small fraction of the variance was
explained by water velocity. The Cd concentrations in moss were standardized to remove the effect
of the concentration in the water so all the data could be analyzed together. The regression model for
the standardized concentrations explained 23% of the variance in Cd accumulation in F. antipyretica
and water velocity proved to be a significant predictor of Cd accumulation.
Keywords: biomonitoring; pollution; river; bryophytes; cadmium; water velocity
1. Introduction
The pollution of inland water bodies by human activities exacerbates the difficulties
experienced by many human populations in accessing safe drinking water, a problem
that affects a third of the world’s population [1]. This has led to the emergence of laws
and acts with the aim of regulating pollution [2,3], which establish maximum allowable
concentrations of pollutants in freshwater. Biomonitoring techniques have proven to be
useful tools to control these concentrations and they provide advantages over directly
analyzing them in the water [4,5].
Various organisms have been used for freshwater biomonitoring, including algae, fish,
macroinvertebrate and mosses. Aquatic mosses offer a series of advantages over other
organisms: they are immobile, resistant to pollution and have long life cycles [6]. These
factors make aquatic mosses good candidates as biomonitoring agents. However, for an
organism to be useful for biomonitoring pollutants, the concentrations of pollutants in the
tissues must be correlated with the concentrations in the water [3,7]. Unfortunately, reports
of such correlations are scarce. Although in recent years an important effort has been
made towards standardizing biomonitoring techniques with aquatic mosses (see e.g., [6,8]),
other environmental factors that affect the relationship between the pollutant levels in the
biomonitors and the water cannot be standardized. These factors include physicochemical
parameters of the water, such as pH, temperature, dissolved organic matter, conductivity
and velocity [9,10]. These factors affect the uptake of pollutants by aquatic mosses, in both
passive (collecting organisms living in the water body objective to the study) and active
biomonitoring (collecting pieces of moss material, i.e., moss “transplants”, from unpolluted
sites and exposing them in the study site, in the “moss bag technique”).
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In this study, we attempted to address one of these knowledge gaps: the relationship
between the accumulation of pollutants in the moss and the velocity of water in which the
moss is immersed. The value of aquatic mosses as biomonitors would be limited if these
factors were dependent on each other because it would blur the relationship between the
concentrations of elements in water and moss. Increased concentrations of heavy metals in
mosses with increasing water velocity could be explained by the following: (a) thinning
of the diffusive boundary layer (DBL); (b) an increase in the number of particles carried
by the current; and (c) an increase in pollutant flux through the mosses. The DBL is
the layer of water in a current next to a surface where, because of the friction with the
solid, the flow slows to the point where the main way for elements to go through it is
by diffusion [11]. Thus, Croisetière et al. [10] hypothesized that at higher velocities this
layer will become thinner, making it easier for pollutants to reach the surface of the moss.
However, Gonçalves et al. [12] hypothesized that the increased number of particles carried
by rapid flowing waters implies that a greater amount of particles will be retained on the
surface of the moss tissues, thus enhancing accumulation of elements. The third possibility
is based on the idea that mosses may behave as passive samplers, whereby higher water
flow across the moss will lead to a higher pollutant concentration. In this hypothesis it
is considered that mosses act as pollutant integrators, i.e., that they take up pollutants
cumulatively, as a function of the water concentration, without ever releasing them to the
water once accumulated. Nevertheless, it is also possible that the concentrations of elements
will tend to reach an equilibrium that will depend on the environmental concentrations (as
proposed for terrestrial mosses [13]). In this case, the current velocity would affect the time
to reach the equilibrium, but not the final concentration.
To date, the effect of water velocity on pollutant concentrations in aquatic mosses
has scarcely been considered. As far as we are aware, only the aforementioned study by
Croisetière et al. [10] has analyzed the effect of the current velocity on element accumulation
considering every other factor involved. These researchers determined Cd concentration
in the moss Fontinalis dalecarlica exposed to different current velocities and did not find
any significant correlation between the flow velocity and Cd concentrations in the moss.
Although the study was well designed, some of the conclusions cannot be applied to
field conditions, because the scale of the study was much smaller than most natural water
courses (the scale of physical phenomena partly determines the conclusion obtained) and
the moss samples were exposed in a different way than is usually done in biomonitoring
studies (moss bags). The study findings were unexpected in relation to the findings of
previous studies on metal accumulation in Fontinalis antipyretica, which cite current velocity
as a possible factor affecting metal capture by the moss [12,14].
The objective of the present study was to examine the relationship between element
accumulation in an aquatic moss and water flow velocity. With this aim, we exposed
devitalized samples of the moss F. antipyretica to different concentrations of Cd in the water
in a channel of dimensions comparable to those of a natural stream and determined the
concentrations accumulated in the moss samples. We selected the species because the same
genus was used in previous studies [10,14] and because the species has been recommended
for general use as it is the most commonly used in biomonitoring studies. We chose to
study Cd accumulation because Cd is one of the heavy metals most commonly analyzed in
biomonitoring studies [6,8].
2. Materials and Methods
2.1. Obtaining the Moss Samples and Preparing the Transplants
Shoots of Fontinalis antipyretica Hedw. were collected from an unpolluted stream
(approximate center, UTM: 29T 530461 E 4740421 N) in Galicia (NW Spain). The moss
samples were rinsed in the stream water and transported to the laboratory in a portable
refrigerator. They were then rinsed again with tap water (5 L per 150 g f.w. of moss,
for 1 min, with shaking), before the study material was selected. Only the apical section
of healthy shoots was used and the basal part, plants in poor condition, epiphytes and
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any other particles were discarded. The moss was devitalized by oven-drying with a
temperature ramp (50 ◦C for 5 h, 80 ◦C for 5 h and 100 ◦C for 10 h) [15]. The selected,
devitalized moss shoots were placed inside flat fiberglass mesh bags (10 × 5 cm; 2 mm
aperture; 175 g of moss per bag), previously washed with HNO3 to eliminate possible
Cd contamination.
2.2. Experimental Setup and Exposure
For exposure of the moss transplants in a controlled environment, a 3-m-long glass
channel of section 21.5 × 14 cm was set up in a closed building, as shown in Figure 1. Each
end of the channel was connected to a water tank, one of which was positioned slightly
higher than the other. The system was fed with 1500 L of water, which was previously
passed through an active carbon filter to remove any particles and trace elements. The
water flowed from the higher tank to the lower tank and it was then pumped back to the
first tank. The water velocity was measured with a flow meter (Flowmatch, JDC Electronics
SA, Yverdon-les-Bains, Switzerland) and was altered by opening or closing a gate at the
end of the channel, varying the slope by raising or lowering an attached hydraulic jack
and/or varying the power of the pump. Dissolved Cd was then added to yield nominal
concentrations of 5, 20 and 50 ng g−1. A control treatment was also established, without any
Cd added. Stabilization of the concentration of Cd proved difficult, as the concentration
decreased after the Cd was added. One possible explanation for this is that the metal was
absorbed by the fiberglass sides of the tanks, or by other plastic or rubber components of
the circuit.




Figure 1. Experimental setup consisting of two water tanks (1 and 2), a glass channel in which the 
transplants were exposed, covered with a glass lid (3), water pump (4), main valve (5), water flow 
regulator valve (6), hydraulic jack (7) and a gate (8). 
2.3. Analytical Procedures 
The Cd concentrations were determined by flame atomic absorption spectrometry 
(Optima 2100 DV, Perkin Elmer, Waltham, MA, USA). Moss and water samples in which 
concentrations were below the limit of determination of the former were analyzed by 
graphite furnace atomic absorption spectrophotometry (AAnalyst 600, Perkin Elmer, Wal-
tham, MA, USA).  
The normality of the data was checked with the Shapiro–Wilk test. As almost all of 
the data were normally distributed, the differences among groups were determined by 
ANOVA, which can be robust even when the normality assumption does not hold [17]. 
Linear regression models were used to study the relationship between variables and the 
model assumptions were checked by visual inspection of the data. To assess the effect of 
current velocity at all concentrations of Cd in the water, the concentrations of Cd in moss 
were normalized by dividing the values by the mean concentrations in the samples ex-
posed to the same concentration of Cd in the water. All statistical analyses were performed 
with R software [18]. 
3. Results and Discussion 
The relationship between Cd concentrations in moss and water flow velocity as a 
function of the Cd concentration in the water is shown in Figure 1. Very clear differences 
between moss transplants exposed to different concentrations of Cd in water (p < 0.001) 
were observed. This effect was expected, as this dependence is the reason why aquatic 
mosses are used as biomonitors, and it has already been clearly demonstrated (see e.g., 
[5,19,20]). 
Concentration of Cd was lowest in the moss transplants exposed to water without 
any Cd added (1.23 µg g−1) and it was even lower than the mean concentration in the pre-
exposure control samples (2.77 µg g−1). This can probably be explained by the fact that the 
Cd concentrations in the filtered water used for the experiment were lower than in the 
stream where the moss was collected and therefore the excess Cd was washed out. As all 
the samples were removed from the experimental system after 5 days, the concentrations 
were probably very close to equilibrium, as most elements reach an equilibrium after 7 
days [21,22]. The aforementioned finding supports the idea that aquatic mosses do not act 
as integrators, simply accumulating metals during the exposure period, but rather that an 
equilibrium is reached, not unlike what occurs with terrestrial mosses used in atmospheric 
biomonitoring [13]. 
Figure 1. Experimental setup consisting of two water tanks (1 nd 2), a glass channel in which th transplants were exposed,
covered with a glass lid (3), water pump (4), main valve (5), water flow reg lator valve (6), hydraulic j ck (7) and a gate (8).
To determine the mean Cd concentrations in the water during each experiment,
two samples of the water were collected every day during each of the exposure periods and
also immediately before and after each exposure period. The actual mean concentrations
of Cd in the water were 4, 16 and 36 ng g−1. After each exposure period, the concentration
was corrected by adding more Cd.
For each Cd concentration, including the control (0 ng g−1 Cd), the experiment was
run at 5 different water flow velocities: 10, 30, 50, 70 and 90 cm s−1. These values were
selected to cover the usual range of current velocities in natural streams, roughly up to
1.5 m s−1 [16], although stabilizing the flow of the channel faster than 1 m s−1 was not
possible. The velocity was checked during the experiment and was found to remain
constant. For all combinations of dissolved Cd and current velocity, 3 moss transplants,
fastened with ties to prevent contact with any surface, were exposed for 5 days. The
experiment lasted approximately 6 months, including each week-long exposure time, plus
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the time to stabilize the Cd concentrations in the water. After each exposure period, the
transplants were collected, oven-dried at 40 ◦C, homogenized in an ultracentrifuge mill
(heavy metal-free, ZM200, Retsch, Haan, Germany) and stored in glass vials in darkness
at room temperature until chemical analysis. In addition, 3 moss bags were used as pre-
exposure controls, i.e., they were not exposed but were otherwise processed in the same
way as other bags.
2.3. Analytical Procedures
The Cd concentrations were determined by flame atomic absorption spectrometry (Op-
tima 2100 DV, Perkin Elmer, Waltham, MA, USA). Moss and water samples in which con-
centrations were below the limit of determination of the former were analyzed by graphite
furnace atomic absorption spectrophotometry (AAnalyst 600, Perkin Elmer, Waltham,
MA, USA).
The normality of the data was checked with the Shapiro–Wilk test. As almost all of
the data were normally distributed, the differences among groups were determined by
ANOVA, which can be robust even when the normality assumption does not hold [17].
Linear regression models were used to study the relationship between variables and the
model assumptions were checked by visual inspection of the data. To assess the effect of
current velocity at all concentrations of Cd in the water, the concentrations of Cd in moss
were normalized by dividing the values by the mean concentrations in the samples exposed
to the same concentration of Cd in the water. All statistical analyses were performed with
R software [18].
3. Results and Discussion
The relationship between Cd concentrations in moss and water flow velocity as a
function of the Cd concentration in the water is shown in Figure 1. Very clear differences
between moss transplants exposed to different concentrations of Cd in water (p < 0.001) were
observed. This effect was expected, as this dependence is the reason why aquatic mosses
are used as biomonitors, and it has already been clearly demonstrated (see e.g., [5,19,20]).
Concentration of Cd was lowest in the moss transplants exposed to water without
any Cd added (1.23 µg g−1) and it was even lower than the mean concentration in the
pre-exposure control samples (2.77 µg g−1). This can probably be explained by the fact that
the Cd concentrations in the filtered water used for the experiment were lower than in the
stream where the moss was collected and therefore the excess Cd was washed out. As all
the samples were removed from the experimental system after 5 days, the concentrations
were probably very close to equilibrium, as most elements reach an equilibrium after
7 days [21,22]. The aforementioned finding supports the idea that aquatic mosses do not act
as integrators, simply accumulating metals during the exposure period, but rather that an
equilibrium is reached, not unlike what occurs with terrestrial mosses used in atmospheric
biomonitoring [13].
The current velocity, on the other hand, appeared to have a much smaller effect. Linear
regression models predicting Cd concentration in the transplants based on current velocity
were constructed for each water concentration. However, because of the small sample size
(15 data points for each concentration) it was difficult to verify whether the assumptions of
linearity, normality and homoscedasticity of residuals were fulfilled. Visual examination of
each group suggests approximate compliance with the assumptions (Figure S1). The best
fit lines for these models are shown in Figure 2.
Water 2021, 13, 157 5 of 8
Water 2021, 13, x FOR PEER REVIEW 5 of 8 
 
 
The current velocity, on the other hand, appeared to have a much smaller effect. Lin-
ear regression models predicting Cd concentration in the transplants based on current 
velocity were constructed for each water concentration. However, because of the small 
sample size (15 data points for each concentration) it was difficult to verify whether the 
assumptions of linearity, normality and homoscedasticity of residuals were fulfilled. Vis-
ual examination of each group suggests approximate compliance with the assumptions 
(Figure S1). The best fit lines for these models are shown in Figure 2. 
 
Figure 2. Correlation between the concentration of Cd in Fontinalis antipyretica transplants and water velocity depending 
on the concentration of Cd in the water. The best fit lines of the models for each group exposed to different concentrations 
are shown for 0, 4 and 16 ng g−1 of Cd in water. For these models, both the intercepts and the slopes are significant (p < 
0.05). The model was not significant for the samples exposed to 36 ng g−1 of Cd. The formula and the adjusted r2 of each 
model are shown next to each best fit line. In the control (0 Cd) group, the variance was small, and the points for the 3 
replicates overlap in the figure. 
The current velocity appeared to have a slight effect on the Cd concentration in the 
transplants: in the samples exposed to water without Cd added, the current velocity and 
Cd concentration were negatively related, which is consistent with the idea that release of 
Cd from the moss (approaching equilibrium) increases directly with the current velocity. 
In the transplants exposed to water to which Cd was added, there seemed to be a positive 
effect, at least in the samples exposed to 4 and 16 ng g−1 of Cd in water, for which the 
model was significant. For the group exposed to 36 ng g−1, the linear regression was not 
significant, probably due to the variation in the concentration of Cd in the water in which 
the transplants were immersed, which was higher than in the other groups. 
To overcome the challenge of obtaining significant results with small numbers of 
samples, the Cd concentrations in moss were normalized by dividing each value by the 
mean value obtained for the samples exposed to the same Cd concentration in water. This 
allowed us to test our hypothesis by using data from different groups while maintaining 
Figure 2. Correlation between the concentration of Cd in Fontinalis antipyretica transplants and water velocity depending on
the concentration of Cd in the water. The best fit lines of the models for each group exposed to different concentrations are
shown for 0, 4 and 16 ng g−1 of Cd in water. For these models, both the intercepts and the slopes are significant (p < 0.05).
The mod l was not sig ificant for the sample exposed to 36 ng g−1 of Cd. The formula and the a justed r2 of each model
are shown next to each best fit line. In the control (0 Cd) group, the variance w s small, and the poi ts for the 3 replicat s
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significant, clearly indicating that for the range of velocities tested, hich cover those in
ost natural river courses [16], accu ulation of d by F. antipyretica depends on the flo
velocity of the water in which the moss is im ersed. This finding contrasts with the results
reported by Croisetière et al. [10], who found no relationship between these two factors,
but it is consistent with the relationship expected by Gonçalves et al. [12]. Despite the
fact that Croisetière et al. [10] found no proof of the dependence of metal accumulation
on current velocity, the hypothesis that these authors suggested for explaining the effect
seems to be correct, i.e., faster currents making the DBL around the moss surface thinner
would cause an increased accumulation of elements. By contrast, the hypothesis proposed
by Gonçalves et al. [12] would not explain these results: greater numbers of particles at
higher current velocities do not explain the concentrations of Cd in moss in our experiment,
as all the Cd in our artificial stream was dissolved and there would not be large numbers
of particles available to adhere to the moss surface.
The existence of the relationship between the speed of the current and accumulation of
pollutants in mosses poses a difficulty for the use of these organisms as aquatic biomonitors,
as current must be considered when using this technique to obtain information about the
concentrations of pollutants in the water. Otherwise, the variability created by this factor,
among others, will blur the correlation between the concentrations in the moss and the
water required for biomonitoring [3,7].
4. Conclusions
Accumulation of Cd by devitalized transplants of the moss F. antipyretica is affected by
the velocity of the water in which the transplants are immersed. This finding is consistent
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with the hypothesis that mosses act as integrators of pollutants; however, as the moss
can release Cd when exposed to low concentrations, it is more likely that an equilibrium
with the concentrations in the water will be reached and be slightly altered by the water
velocity. This effect should be taken into account to obtain precise measurements of the
concentrations of Cd in inland water bodies in biomonitoring surveys.
Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
441/13/2/157/s1, Figure S1: Residuals vs. fitted values and Q-Q plots for the models relating Cd
concentration in the moss with water flow velocity.
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